The ionic currents that cross the myocardial membrane during cardiac activation have a corresponding return path in the extracellular space. The transmembrane current (Im) 
E lectrophysiological control of physiological processes in organisms from jellyfish to humans is dependent on the activation of electrically excitable membranes and the subsequent propagation of electrical impulses through tissues. The response during the first few milliseconds of activation of cardiac membranes is crucially dependent on the rapid entry of Na+ and, to a lesser extent, Ca'+.' These ionic currents have been characterized using in vitro voltage-clamp approaches initially in the squid axon and subsequently in a variety of isolated cardiac cells or membrane patches. The rapid inward cardiac sodium current has been difficult to study in multicellular cardiac preparations, as a consequence of the syncytial organization of tissue, which hampers access to an isolated cell.23 Microelectrode voltage clamping has progressively been performed in small clusters of cardiac cells,4 short Purkinje fibers,5 isolated single myocytes,6 cardiac sarcolemmal patches,7 and small (<1-mm-diameter) papillary mus-cles or trabeculae.8 However, the cell isolation required for the application of single-cell or membrane-patch voltage-clamp techniques precludes the inclusion of the multicellular interactions underlying electrical behavior in the intact organ.
For electrically excitable membranes in vivo, the transmembrane current (Im) during propagated electrical activity is a major index of the cellular response. The If is conventionally designated as positive if the current carried by positive charges flows out from the cell's interior to the interstitial space and as negative if it is inwardly directed. During a propagated action potential, the discharge of the membrane capacitance arises from the addition of a net positive charge to the inside of the cell with the consequent depolarization of the membrane. This process occurs in two stages. First, the "local circuit" formed by presently active regions applies a depolarizing current to the resting regions into which propagation is proceeding. This results in a distal outward I, (the first component). The second component, an inwardly directed I. activated by the suprathreshold depolarization, also provides a net positive charge to the inside of the membrane, which further depolarizes the membrane.9 '10 The propagation of cardiac action potentials occurs from cell to cell through low-resistance intercellular gap junctions spatial extent of the cardiac activation wave has been estimated to be approximately 1.0 mm,'1 which is consistent with our experience. Our strategy to measure the interstitial voltage gradient associated with activation assumed that if our electrode array dimensions could be accommodated comfortably within this electromotive surface, then the first derivative could be estimated from first differences.12 Satisfaction of this criterion also ensures that the Im of individual cells within the interrogated volume would provide reasonably time-coincident contributions to the extracellular potentials.
Im is known to be proportional to the second spatial derivative of the interstitial (extracellular) potential for a one-dimensional continuous cable.13 This relation may be extended to a plane wave propagating in a threedimensional syncytium (cardiac tissue) to the extent that the tissue may be considered uniform and continuous (it may also be anisotropic).14 One can characterize this as an extension of the classical linear coreconductor model. 15 We assume that these conditions apply to the region contributing to the potentials sensed by our electrodes, a region of limited extent since the electrode separation is very small. Since measured potentials are confined to the epicardial surface, the z (i.e., normal to the epicardium) derivative must be estimated where needed. This can be accomplished in two cases as follows: 1) The wave is oriented so that propagation is parallel to the surface. In this case there is no z derivative. 2) By assuming the applicability of linear core-conductor behavior, a/az can be evaluated from epicardial potentials aside from an unknown constant coefficient that depends on the angle of propagation k relative to the epicardium and from the intracellular/interstitial conductivity ratio for the direction of propagation (the details are described in a subsequent section). The validity of the linear core-conductor model is supported by the syncytial structure of cardiac tissue and the planar insulating boundary imposed by the electrode plaque (which is large compared with the dimensions of the electrode array). In particular, within the region sampled by the surface electrodes, we assume that the potential field can be described by local plane-wave behavior, where intracellular, interstitial, and transmembrane potentials are linked by the linear coreconductor equations with the intracellular/interstitial conductivities associated with the direction of propagation14; the boundary can be included through the method of images.
From modeling studies, the maximum negative rate of change of Im has been clearly shown to coincide with the occurrence of local activation. The chest was opened through a median sternotomy, and the heart was suspended in a pericardial cradle. The aortic fat pad was dissected free, and a 5.0-mm silver reference electrode mounted in a phenolic button was sutured to the aortic root to serve as a reference for all unipolar recordings. To eliminate the need to suture epicardial electrode arrays for mechanical stabilization, a nylon-mesh vest was sewn from a length of Xspan tubular dressing retainer (size 4, American Hospital Supply Corp., McGaw Park, Ill.) with Velcro fasteners used to join the vest anteriorly over the heart. A removable stiffening rib, made from a nylon cable tie, was inserted in a sewn channel in the margin of the vest surrounding the atrioventricular groove to facilitate vest insertion. The inside of the vest that was in direct contact with the epicardial surface was intermittently distributed with multiple 1.0-cm-diameter Velcro fasteners, loop side, for subsequent readily reversible epicardial electrode array attachment. After all electrodes were attached, the heart was draped with a 4x4-in. sponge pad moistened with warmed saline. The sternum was approximated and then draped with a plastic sheet and a towel to maintain the heart in a moist and constant temperature environment. All the circular epoxy disc that contained the wires extending in both directions was epoxied into a 1.9-cmdiameter phenolic button. The silver wires were soldered to flexible multiple-conductor-shielded cables that had crimped stainless-steel strain reliefs, which were in turn bonded to the button. The surface of the button that was to contact the epicardium was polished smooth, exposing the desired electrode array as shown by the curved arrow in Figure 2 . After all electrical connections were made and tested, the back of the button was molded in epoxy, and a Velero fastener, hook side, was in turn bonded to the epoxy back for attachment to the mating fastener in the epicardial vest described above. Each button was initially tested in vitro with a one-dimensional voltage gradient to ensure electrochemical stability. An anatomically and dimensionally realistic depiction of a single quadrant of the electrode elements is given in Figure 3 
Mapping System
The unlipolar electrogram signals from each electrode clement of the array referenced to the aortic root were AC-coupled, amplified, filtered (0.2-5,000) Hz), simultaneously sampled (no skew correction required) at a 16-kILz rate, and analog-to-digitally converted with 12 bits of resolutionl. The input impedance of the amplifiers was 1012 fQ. No additional digital filtering was used, and no power line notch filters were used in this study to minimize the possible sources of waveform distortion.
The sampling rate of 16 kFIz reduced the number of channels currently available in our previously described mapping system'6 from 384 channels at a 2-kHz sampling rate to 48 channels, with a continuous total storage capacity of 3,500 megabytes (approximately 1-hour recording time). The electrogram signals, together with electrocardiographic surface leads I and aVF, and left ventricular pressure were simultaneously stored. Signal substitution techniques were used for amplitude calibrations. All derivatives were calculated using a five-point second-order data fit.'7 Bipolar electrograms were mathematically computed from the unipolar electrograms.
Every unipolar electrogram was individually displayed together with its derivative within a chosen time window of interest. In addition to the unipolar electrograms and the computed bipolar electrograms, the magnitude of the calculated voltage gradient anld its angle on the epicardial surface together with its normalized first and second derivatives were calculated (details of calculations are described below) for temporal regions of interest. The location of the peak negative dV/dt for the unipolar electrogram was automatically determined and was used to indicate the time of local activation. Since the unipolar electrograms were ACcoupled, absolulte zero levels were lost. Zero levels for each channel were computed over an appropriate time segmenlt before a proposed local activatio:n, as indicated by the minimum dV/dt value in the unipolar electrogram. Our attempts to make sintered Ag/AgCI electrodes capable of DC coupling'8 have, to date, been unsuccessful below 350 gin, and chloride electroplating of silver electrodes did not eliminate the baseline drift found with all conventional metallic electrodes tested, necessitating AC coupling.
Data Analysis
The peak magnitude of the voltage gradient and the voltage gradient angle at the time of activation were automatically determined. Additionally, Im waveforms were automatically quanltitated for the time duration of the inward current component at 25%, 50%, and 75% of the maxmum value, as well as the time from the peak outward to peak inward current components and the ratio of the inward to outward areas beneath the transmembrane current waveform. Grouped data are expressed as mean± 1 on the x axis, the second pair was similarly spaced but on they axis, and the remaining electrode was at the origin. The x and y axes were located in the epicardial surface and were arbitrarily oriented, whereas the z axis was normal to the epicardium. The configuration is described in Figure 4A . As shown in Figure 4A , the activation wave was idealized as a uniform plane wave, with the normal to the wave front making an angle 0 with the z axis. The projection of the wave front normal on the xy plane made an angle 6 with the positive x axis. We assume that propagation was essentially uniform and assume further that intercellular junctional resistance is sufficiently small so that its discrete effect can be neglected.19,20 Accordingly, the spatial variation of transmembrane potential, Vm(s), can be obtained from the velocity and the temporal action potential, Vm(t), since s=velocityxtime, where s is the coordinate in the direction of propagation. A first-order description assumes the applicability of linear core-conductor relations between the transmembrane potential (Vm) and the extracellular (interstitial) and intracellular potentials ((Fe and (Fi, respectively), (2) where gi and g, are the intracellular and extracellular bidomain conductivities, respectively, in the direction of propagation.1314 A similar approach has been used by multiple previous investigators including Roberts and Scher, 21 Clerc,22 Suenson, 23 Kleber and Riegger,24 and Roth. 25 We assumed that both the exposed heart and the insulating plaque in which the electrodes were imbedded contribute to a bounding volume conductor with zero conductivity. Since the electrodes were very closely spaced, the local heart surface was considered to be planar, and the insulating boundary condition at the electrodes can be accounted for by applying the method of images. The primary sources can be described by dipole densities evaluated (apart from a coefficient) from the gradient of Vml(s), given the assumed linear core-conductor conditions.26 These sources must, consequently, be oriented normal to the (assumed) planar wave front and lie in a layer whose thickness corresponds to the velocity of propagation times the duration of the rising phase of Vm (approximately 1 mm). While this activation source terminates laterally at the epicardial boundary, a secondary source that is described by the application of the image principle for a planar insulating boundary15 introduces an equal-strength mirror-image dipole-moment density source. Both primary and secondary sources consist of uniform dipoles lying normal to the wave front and in a planar lamina of approximately 1-mm thickness. Although the image source shape is a mirror image of the true source, so that for an arbitrary angle of propagation the combination forms a chevron shape, the image source contributes a potential at the surface identical to the contribution from the true source (a consequence of symmetry). A consequence is that the potential variation at the epicardial surface is exactly what would be observed if the tissue extended indefinitely beyond the insulating surface and the wave front extended laterally into it (i.e., as if the boundary were absent). Of course, all actual dimensions are finite, but because the electrode Figure 4B .
Simulated bipolarpotentials. The potentials sensed by electrodes placed on the epicardium are extracellular. From the approximations introduced above, the potential at the central electrode, electrode 0, will be simply (40Ie)OVO = -[gi/(gi + ge)]Vm(t) (3) In Equation 3 the coefficient is simply the ratio of the (bidomain) conductivity of the intracellular domain to the sum of the intracellular plus interstitial conductivities taken in the direction of propagation.14 This is more or less in the transverse (cross-fiber) direction, for which there is little experimental (or consistent) data. We took it to be 0.44, based mainly on the model "experiments" of van (16) (17) and the angle 6 at which it is directed in the epicardial plane is given by 6 tan-l(EE,) (18) / -I Y It should be noted that the direction of this field is opposite the direction of propagation as has been classically observed. 32 The final conclusions regarding the calculation of the epicardial component of the (8) voltage gradient to be used in this study are summarized in Figure 5 . (9) Normal component of field. where, as before, g, is the extracellular conductivity in the direction of propagation and s is the coordinate in the direction of propagation. According to the linear core-conductor model applied to a plane propagating wave in a uniform syncytium (anisotropic bidomain) and hence satisfying the same one-dimensional equation, the transmembrane current density per unit volume (I.) can be expressed as m = al/ds= -ge,2(Ijads2 (20) An equivalent expression for I. based on intracellular potentials is much more familiar; however, the one described by Equation 20 is equally valid (as long as the extracellular currents are confined to the longitudinal direction, as is the case in plane-wave propagation through thick cardiac tissue14). Equation 20 has been used in studies by Kleber et 
Modeling Results
By using the 2.0-msec segment of the transmembrane potential given in the first panel of Figure 4B , the bipolar extracellular waveforms were computed as shown in the second panel of Figure 4B 0=0o, where all five electrodes will depict activation as occurring simultaneously, and the analysis for 1m would be indeterminate since ESUff is also zero. The magnitude of the peak and its time occurrence for each bipolar signal depends on interelectrode distance, 4, 6 , and velocity. At the outset, only distance is known (from the construction of the electrode array). Since there are three unknown parameters and five independently measured unipolar voltages, one wonders whether these parameters might be evaluated from such measurements. The relation between the measurements and parameters are given in Equations 11-14. Although a complete discussion depends on the functional form of Vm(t), we note that in any case sinl/vel always occurs in this ratio, and consequently, the separate values of and velocity cannot be found from epicardial measurements.
An examination of Figure 4A identifies that the apparent, or phase, velocity (velphase=vel/sin4) of the wave front in the epicardial plane is always greater than the actual wave velocity. For an activation wave progressing in a direction parallel to the epicardial surface, 4)= 900 and velphase=vel. Since is normally small, velphase can exceed the actual velocity by a substantial factor (e.g., for 0=200, velphase=3 vel). With large numbers of closely spaced surface electrodes, isochrons can be constructed and velphase can be found by examining them; the advantage in using Equation 18 is that velphase is obtained from a limited number of electrodes. The interpretation of velphase is complicated by its dependence on the two fundamental factors of angle of approach of the wave to the surface (namely, 4) and the intrinsic wave velocity. Since velphase has not been systematically examined, we do not know how it might vary in different parts of the heart or what other normal variation might be expected.
In the illustration of Tm given in Figure 4B , note the initially outward (positive) component of Im. This follows directly from taking the + value for the evaluation of Equation 17 and is done to conform to the convention of outward Im being considered as positive. The + value for Equation 17 has been used in all of our calculations of experimental data.
Initial Electrode Array Evaluation
When the electrode arrays described above were initially constructed, preliminary in vitro testing demonstrated that if the edge-to-edge separation of the electrodes was closer than the electrode diameter, then effective reduction of the measured signal was observed. This was apparent, for example, if five 75 -,m wires were placed in every one of the mesh openings shown in Figure 1 for an edge-to-edge separation of 30 ,gm (edge-to-edge distance/diameter=0.4). The signal from the central recording site was found to be consistently :', Figure 6 for such an array. The bipolar electrograms in Figure 6 clearly depict the loss of the Figure 6 between the time of activation as indicated by the minimal value of dI/dt and the time of activation denoted by the minimal value of dV/dt from the unipolar electrogram recording. There were no further significant changes observed as the interelectrode dimensions were further reduced to 65 ,um as shown in Figure  7 . Because of these findings and because of the consideration regarding noise and fabrication ease previously cited, all further arrays used 75-,um-diameter wire.
Im During Sinus Rhythm
Recordings were obtained from 57 epicardial right and left ventricular sites in seven dogs during sinus rhythm, with five sequential activations analyzed for each recording. For this part of the study, the dV/dt of the central unipolar electrogram was only accepted for analysis if it was more negative than -10 V/sec to effectively eliminate recordings with poor electrode contact or recordings in which the electrode was situated over electrically inactive tissue such as fat or blood vessels. Representative recordings are shown in Figures 8 and 9 . Note that propagation delays for the rapid epicardial phase velocities encountered with normal ventricular activation yield activation time increments for 210-,gm interelectrode distances that approached the resolution dictated by the sampling interval of 0.0625 msec. The grouped mean data during sinus rhythm for five consecutive activation complexes at each site were as follows: minimum dV/dt of unipolar electrogram, -62.4+ 28.7 V/sec; peak voltage gradient, 462.5±197.3 mV/cm; time duration of the inward current at 25% of the maximum value, 0.45+±0.22 msec; ratio of inward to outward areas under the I. 
KCl-Induced Depression of Im
Normal Na+ channel function is critically dependent on the transmembrane potential before activation initiation. Na+-mediated inward current activation and deactivation kinetics are slowed, and the maximum current is diminished as the resting membrane potential is depolarized from its normal value, ultimately resulting in complete Na+ current abolition similar to results found with tetrodotoxin administration in vitro. 20 To investigate the effects of membrane depolarization using our approach to I,. determination, a bolus intravenous injection of 10 meq KCl was used. This dose eventually resulted in degeneration of the rhythm from sinus to coarse ventricular fibrillation in all animals. The transition from sinus rhythm to ventricular fibrillation was characterized by gradual widening of the QRS complex in the surface electrocardiogram, accompanied by the changes depicted for a representative episode in Figures 10-12 . The time course for the progression from normal QRS-width sinus rhythm to ventricular fibrillation was variable in each animal, but the gradual diminution in Im amplitude and prolongation of its course was observed uniformly. Before the onset of ventricular fibrillation, the left ventricular blood pressure was depressed; therefore, analysis of these later intervals was confounded by ischemic alterations. The time from the peak outward '.. to the peak inward Im is a rough index of Na+ channel activation time as seen in Figure 13A and demonstrates the expected depression with progressive depolarization shown in Figure 13B . A representative time course for the changes observed with KCI administration spanning the pre-KCl interval until the induction of ventricular fibrillation is given in Figure 14 . Note the gradual reduction in the minimal value for dV/dt for the unipolar electrogram over this time frame, which is in marked contrast to the step change seen in the time duration of the inward current component at 25% and 50% of the maximum value and the time from peak outward to peak inward 'in. The transition from normal Na+-mediated current, through depressed Na+-mediated current and resulting in probable Ca2'-mediated currents, cannot be deduced from the continuous time course of the minimal values for dV/dt. Interestingly, the -/+ AREA ratio for the 1. Previously reported studies of Na+ current at 37°C using guinea pig ventricular myocytes studied with the cell- Waveforms of interest for a 2.5-msec analysis window. Note the depression in dV/dt of the unipolar recording, the nearly tenfold slowing ofthe bipolar waveforms, the depression in peak voltage gradient, and the marked alteration in the transmembrane current as compared with the waveforms in Figure 9 . The transmembrane current was normalized to its own peak magnitude, but because of its relatively low magnitude, baseline noise appears to be increased. Note the more than tenfold prolongation ofthe time duration for the inward current measured at the 25% level as compared with 
